Results are presented from profilometer measurements of the surface roughness on inservice turbine engine blades from F-100 and TF-39 aeroengines. On each blade, one roughness profile is taken in the region of the leading edge, the mid-chord and the trailing edge on both the pressure and suction sides for a total of 6 profiles. Thirty 1st stage turbine blades are measured from each engine. Statistical computations are performed on these profiles and the root mean square height, skewness and kurtosis of the roughness height distribution are presented along with the correlation length of the autocorrelation function.
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INTRODUCTION
Surface roughness can have a large effect on the skin friction and heat transfer of turbine engine blades. Some data, Rivir (1986) , indicate that rough blades can have heat transfer rates which are 100% greater than the rates on equivalent smooth blades. As shown by Taylor (1986) , turbine engine blades which have been in service for a few hundred cycles can have significant roughness. Typical average roughness heights are found to be from 1 to 12 im (50 to 500 microinches). Unfortunately, traditional measures of surface roughness such as average roughness height and root mean square roughness height are inadequate for the determination of the effect of surface roughness on fluid flow and heat transfer. Two surfaces with the same average roughness height can have different heat transfer rates and skin friction. For deterministic roughness (cones or hemispheres in some known array), it is fairly straight forward to tell when surfaces are geometrically similar. Therefore, a few well chosen experiments can be used to calibrate computational models for a broad range of deterministic surfaces. However, for randomly rough surfaces such as those which occur naturally on turbine blades, it is not obvious (and perhaps impossible) to say when two surfaces are geometrically similar. If two surfaces are randomly rough, then the most that can be said is that they are statistically equivalent.
This idea of statistical equivalence is important for both the development of computational models and for the selection of experimental test surfaces. For computational models the averages of the predicted values of skin friction and heat transfer rates for a sample of statistically equivalent surfaces should be essentially the same as the average values for the entire population of statistically equivalent surfaces. No two random surfaces have the exact same skin friction and heat transfer rates, but by performing computations for a small sample of statistically equivalent surfaces the mean and standard deviation of that class of surface should be obtained to a good approximation. For experimental tests, simple flows such as fully developed pipe flow or flat plate bound-ary layer flows will be used in the initial experiments. For these tests artificially created randomly rough surfaces will be used as test surfaces. If these tests are to be used to estimate the performance of real surfaces, then the test surfaces should have roughness which is statistically equivalent to the real surfaces.
In this paper data are presented which give a statistical description of the surface roughness profiles on in service turbine blades. Two military engines were selected: a TF-39 (transport plane) engine and an F-100 (fighter plane) engine. Since the major mission of our laboratory is the investigation of the effects of surface roughness on heat transfer, only first stage turbine blades were selected.
MEASUREMENT TECHNIQUES AND STATISTICAL COMPUTATIONS
A random surface profile can be completely defined statistically by two characteristics--the height probability distribution function and the autocorrelation function (see Whitehouse and Archard, 1970, for example) . To study the character of the roughness on inservice turbine blades, the surface profile measurements and statistical computations were made as discussed below.
Surface profiles were collected using a RankHobson-Taylor Surtronic III profilometer. The profilometer was set with a cut off of 0.8 and a range of 99.9. Depending on the magnitude of the roughness, the vertical magnification was set between 200 and 1000, and the horizontal magnification was set between 40 and 100. All traces were taken near the mid-span of the blade, and the direction of the traces were from the base toward the tip. All traces were approximately 1.5 cm long.
This stylus profilometer is capable, by setting the appropriate amplification ratio, of resolving surface detail between 0.1 pm and 100 pm. The major function of this instrument used in this program was the x-y recording ability. The instrument also has some internal computational ability and can compute the average roughness height, the maximum peak to valley height, and the number of peaks per unit profile length, and other similar parameters. The parameters which are computed directly by the instrument were developed for surface to surface contact analysis, and many are of limited direct use for boundary layer analysis.
Once the profile records were obtained, they were digitized and conditioned for statistical computations. The profiles were digitized with an x-y digitizing device. The record was placed on the digitizer bed, the profile was followed by hand and selected points were entered into the computer as x-y coordinates. The x-spacing of these points was at most 1/5 of the major structural scale of the roughness. The x-y coordinates were then converted into the physical coordinate system of the record by using the proper scaling ratios. Since the turbine blades were curved, the profilometer picked up some of the trends of the substrata. These trends must be removed for proper statistical analysis of the roughness. This trend removal was easily accomplished by least squares fitting of a polynomial to the x-y data. This trend curve was then used as the new origin of the y-coordinate. This trend removal procedure resulted in a mean surface height y -0.
Once the surface profile was digitized and conditioned as discussed above, the following statistical functions and parameters were computed: 1. height distribution function, 2. autocorrelation function and correlation length, and 3. root mean square height, skewness and kurtosis of the height distribution.
The height distribution is computed by dividing the range of surface heights into regions or bins and counting the number of occurrences in each bin. The number of bins is set based on the total number of points, N, in the record by Nbin = N/20. To decide in which bin a given point belongs the following algorithm is followed
The bin, index j, in which y i falls is the integer j = max integer < J. The number of points, n•, in each bin is determined by adding 1 to n• each time^j is encountered. The probability histogl1am is then computed by pj = n• /N for j = 0, 1, ..., N bin -1. Tl^e autocorrelation function is computed by evaluating the integral
The finite sample approximation for equation (2) is
where m = N/10. The variance is computed by evaluating
Here following Sachs (1982) the variance is defined based on N and not N-1 as is usual when the computed mean is used in equation (4). This is done for consistency when the variance is used to normalize the higher moments below. For all sample sets in this paper, N > 100; so, there is very little difference in the variance when N is used in place of N-1. The root mean square, rms, height is computed by
The skewness is computed by evaluating
and kurtosis is computed by evaluating
Again following Sachs (1982) , the (-3) is included in equation (7) to cause Ku = 0 for the normal (gaussian) distribution. Positive skewness indicates that heights above the mean tend to be larger than heights below the mean. That is, the profile tends to have more high peaks than deep valleys. Negative skewness indicates a tendency to favor deep valleys over high peaks. The kurtosis is a measure of the peakedness of the probability distribution. A positive kurtosis indicates a tendency to have relatively smooth areas with a few large peaks or valleys. This is demonstrated in the following section.
As stated above the profilometer can resolve surface detail on the order of 0.1 pm. The calibration was checked by measuring the roughness on a standard surface which was supplied with the instrument. Therefore, the bias errors associated with the profile measurements were small. These biases cancel out in the computation of the mean height and the autocorrelation. However, the biases do accumulate in the computation of the higher moments (S, Sk and Ku). In any case, these biases are much smaller than the sample variations as will be seen below.
RESULTS OF THE TURBINE ENGINE BLADE MEASUREMENTS
Profiles were obtained for two sets of 1st stage turbine blades, 30 from a TF-39 and 30 from a F-100 engine. The TF-39 blades were all from the same turbine wheel, had shower head cooling, and had a service age of 3402 hrs. The F-100 blades were also all from the same wheel, had shower head cooling, and had a service age of 1600-1800 cycles.
Six profiles were taken on each blade for a total of 360 profiles. Profiles were taken in the region of the leading edge, the mid-chord, and the trailing edge on both the suction and pressure side. Figure 1 shows the approximate trace location and defines the numbering scheme used--1 for the leading edge suction, etc.
The three parameters which were obtained directly using the profilometer were the average roughness, Ra, the profile maximum peak to valley height, Rt, and the profile mean peak to valley height, Rtm. Figure 2 shows the sample mean value for each of these parameters for both engines. From the figure it is seen that the TF-39 blades were roughest on the pressure side near the mid-chord and the trailing edge. The F-100 blades are roughest on the suction side near the leading edge.
Also, the figure shows that the blades are very rough. A value of 50 pm corresponds approximately to 2000 microinches or 2 mils. The data scatter is large. Table 1 shows the summary of the standard deviation of the Ra values for each engine. .300 Figure 3 shows a scattergram of Trace 5 versus Trace 6 for the average roughness, Ra, on the TF-39 engine. The purpose of this figure is to demonstrate that there is no correlation between the trace pairs. That is, a rougher than average value at one trace does not indicate that the values for the other traces on the same blade will be rougher than average. Figure 4 shows a profile record for trace TF196 which is a profile taken on the suction side trailing edge of a TF-39 blade. Part (a) of the figure shows the original profile and the least squares polynomial which was used to remove the substratum curvature. Part (b) shows the reduced profile. The figure shows that the reduction process conserves the character of the profile roughness. Figure 5 shows the probability distribution histogram and autocorrelation function for this profile. The bars in the probability plot represent the histogram of the height distribution data and the bell curve represents the expected values for a gaussian distribution. The distribution seems to loosely match the gaussian distribution. However, it fails a chi-squared goodness of fit test at a 0.05 level of confidence. The auto correlation function shows an exponential like decay which is typical of random data. The computed value of skewness is Sk = -0.988, and the value of kurtosis is Ku = 2.86. These values indicate a tendency to regions of smoothness and a tendency to favor valleys over peaks. Referring back to Fig. 4 , we see that the profile crests have rather flat tops and the valleys are sharp and deep. Figure 6 shows the original and reduced profiles for trace TF221 which is a profile taken on the pressure side trailing edge of a TF-39 blade. Figure 7 shows the probability distribution histogram and auto correlation function for this profile. This profile is chosen because of its positive skewness, Sk = 0.602, and almost zero kurtosis, Ku = -0.058. This indicates that the peaks should dominate over the valleys. Inspection of Fig. 6 shows that this is true. The peaks are moderately higher than the valleys are deep. Figure 8 shows the original and reduced profiles for trace TF282. This is a profile taken on the pressure side trailing edge of a TF-39 blade. Figure  9 shows the probability distribution histogram and autocorrelation function for this profile. This profile is chosen because of its large value of kurtosis, Ku = 5. The skewness is Sk = 2.13. A large kurtosis and a positive skew indicate a relatively smooth surface with a few large peaks. Inspection of the profiles in Fig. 8 demonstrates that this is the case. The profile is comparatively smooth and has two large hills.
A paper of this nature is much too short to give the profiles, histograms, and autocorrelation functions for all 360 profiles. The data are summarized by giving the values of rms height, skewness, kurtosis, and correlation length for each profile. Figures 10, 11 , 12, and 13 show plots of these values for the TF-39 engine. Figure 10 displays the rms height for each profile. The figure shows that the largest roughness magnitudes are at locations 1, 5, and 6--the leading edge suction side and the mid-chord and trailing edge on the pressure side. The figure also reveals the large scatter in the data. At trace location 5 the rms height ranges from about 7 pm to about 14 pm with outliers as large as 23 pm. Also, the figure shows that the magnitude of the roughness varies considerably from location to location. Figure  11 shows the skewness for each profile. The figure indicates that the data has a large scatter at all trace locations. The central trend of the data show a tendency of positive skewness at trace location 1 followed by negative skewness at locations 2 and 3. All the trace locations on the pressure side display a tendency toward positive skewness. Figure 12 gives the kurtosis for each profile. The figure shows that the kurtosis at all locations tends to be positive. The majority of the data at all trace locations lie in the band between -0.5 and 4. Figure 13 shows the correlation length for each profile. Again we see a wide range of values at all locations. The rms height is a measure of the height of the roughness, and the correlation length is a measure of the base dimension of a roughness element. Comparison of Figs. 10 and 13 reveals that the roughness is characterized by roughness elements whose height to base ratio is of the order of 0.1. Figures 14, 15 , 16, and 17 give the same data for the F-100 engine. Figure 14 shows that the roughness magnitude is much greater at trace location 1 than at any of the other trace locations. Figure 15 gives the skewness of the height distribution. Comparison with Fig. 11 shows that the F-100 blades have a skewness central tendency which is more nearly zero than the TF-39 blades. A comparison of Fig. 16 and Fig. 12 shows that while both the F-100 blades and the TF-39 blades show positive kurtosis the F-100 blades show a very large value of kurtosis in many cases. A large positive kurtosis indicates a surface which is basically smooth but which has a few tall peaks and/or deep valleys. Comparison of Figs. 17 and 14 shows that the aspect ratio (height/base) is very small for all cases except the leading edge suction side. The ratio is of the order of 0.005, and the leading edge ratio is order 0.1.
Often in engineering models of random surfaces the assumption is made that the profile is gaussian. Based on the data for skewness and kurtosis given above its seems unlikely that the gaussian model would be appropriate. However, it is an interesting exercise to test the hypothesis that the height distribution functions are gaussian using the chi-squared statistic. Table 2 gives the number of profiles for which this hypothesis passes the chi-square test at the 0.05 level of confidence. This table indicates that indeed the gaussian distribution is most likely inappropriate for the TF-39 engine. However, for many of the trace positions on the F-100, the gaussian assumption may be appropriate. In any case, the gaussian assumption is clearly not appropriate for all trace locations.
SUMMARY
The purpose of this work was to investigate the surface roughness of in service turbine engine blades. The main ambition was to gain insights into what statistical characteristics the artificially manufactured roughness should have in laboratory flow and heat transfer experiments. The following observations are made.
Inservice turbine engine blades can be very rough. On the F-100 blades rms heights as high as 30 um were common with outliers as high as 50 }an. The sample mean value of the profile maximum peak to valley height for the leading edge suction side of the F-100 blades was 79 pm.
2.
Both the magnitude and the statistical character of the roughness vary greatly from point to point around the blade. 
